In case of a shielding analysis of the geometry having thick and complicated structures with a Monte Carlo code, it is a serious problem that it takes too much computer time to obtain results with good statistics.
Therefore, it is very important to reduce variances in the calculation.
In this study, a method to determine the importance function in 3-dimensional Monte Carlo calculation with geometry splitting with Russian roulette was developed for the shielding analysis of thick and complicated core shielding structures.
Only two essential importance ratio curves for one material enable us to determine the importance function easily in the shielding calculation.
The validity of this method was confirmed through a simple benchmark calculation. From the comparison with the result obtained by using weight window (W-W), it was shown that the present method can give an accurate result on the same level with W-W method with less trial and errors.
And this method was applied to an actual reactor core shielding analysis to confirm its applicability to a 3-dimensional thick and complicated structure.
Using this method, the variance reduced calculation can be easily realized with the developed importance determination procedure, especially in case that parameter survey calculations are required in order to determine the shield thickness in a design work of a thick and complicated structure.
Accordingly, it became easier to use Monte Carlo method as a powerful tool for a reactor core shielding design. 
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I. INTRODUCTION
In case of a shielding analysis of the geometry having thick and complicated structures with a Monte Carlo code, it is a serious problem that it takes too much computer time to obtain results with good statistics. Therefore, it is very important to reduce variances in the calculation. To solve this problem , many variance reduction techniques were proposed up to now. However, these techniques require trial and errors to obtain a result with an acceptable statistical error. In order to reduce the number of trial and errors, various methods were proposed. MacDonald(1) and MacDonald and Cashwell (2) showed that pattern recognition techniques gave the solution to identify the splitting surfaces in Monte Carlo calculations. Booth and Hendricks(3) proposed a weight window (W-W) generator to utilize weight window efficiently.
Dubi et al.(4)(5) studied an analytical method to obtain the splitting parameters by the direct statistical approach (DSA).
So far, however, there were few applications to actual design of nuclear reactors because of their thick and complicated structures.
The basic aim of this study is to develop the procedure of obtaining variance reduction parameters so as to apply easily to thick and complicated reactor structure analysis.
* Oarai -machi , Ibaraki-ken 311-13.
-19-For this purpose, as an essential variance reduction technique, the importance sampling method (geometry splitting with Russian roulette*) was selected among various well known variance reduction techniques, because this method is quite simple so that it is expected to need relatively less experience especially for thick and complicated structure analyses, and the alternative method, W-W, requires a adjoint solution or a number of trial and errors to determine parameters and even W-W generator still requires several iteration calculations.
In the shielding analysis, the fractional standard deviation (FSD) and figure of merit (FOM) give us the information on calculation accuracy.
However, we can not know from them how efficiently particles transport, that is the efficiency of variance reduction, in the system.
That can be judged by considering how uniformly particles transport in all cells. Fortunately, Monte Carlo code gives the contribution of particles to each cell, that is called population, as the calculated result. We can obtain results with little variance if the importance can be set up so that the population distribution in the system should become uniform through all cells of interest. In this study, the population was regarded as the essential key value to determine the importance function in case of using geometry splitting with Russian roulette.
The purpose of this study is to develop the procedure of determining importance function so as to keep the population of each cell constant from the source region through the region of interest for the tally with the geometry splitting with Russian roulette for thick and complicated core shielding structure analyses.II
. BASIC PRINCIPLES
The population is the number of particles getting into a certain cell. The re-insertions into the same cell during the history must be counted separately.
Supposing neutrons bombard the geometry having an equal cell width and made of the same material.
Not adjusting the ratio of adjacent importances, the relation of the number of neutrons getting into the first cell, population N, to that of the second cell N' can be expressed as,
where km,n(W) is the attenuation term which depends on neutron spectrum, kind of material and cell width W. The suffixes m and n in km,n(W) mean material and spectrum index, respectively. Thus the optimum importance ratio, that is the importance ratio so as to keep the populations of adjacent cells constant, can be obtained from the ratio of N(W) to N'(W) by physical consideration:
As km.n(W) tends to decrease monotonously with W, the optimum importance ratio shows monotonous increase against the cell width as shown in Fig. 1 . Also as the softer the Each cell in the geometry is assigned an importance I by the user on the input card. When a particle passes from a cell of importance I to I', Russian roulette is done if I'/I is less than unity. On the other hand, if I'/I is more than unity, the particle may be split into two or more. Their weights are adjusted such that an average total weight is conserved.
Consequently, particles can be forced to head in the region of interest, resulting in avoiding wasting of time.
-20-spectrum becomes, the larger the optimum importance ratio shows, the curve for a softer spectrum shifts upward as shown in the figure. The calculation with uniform population distribution can be realized fundamentally if necessary curves, maybe great many, are prepared for each material.
III . PROCEDURE
TO DETERMINE
IMPORTANCE
In case of applying the basic method described in the previous section to the actual analysis, we must prepare many optimum importance ratio curves for every material and for every spectrum at the boundary of the cell, resulting in great efforts necessary.
Noticing that km,n(W) varies with the neutron flux attenuation and the neutron spectrum change by penetrating a shield, and the neutron spectrum shape tends to converge after penetrating a thick shield, we examined the new procedure of setting importances in each cell so as to reduce the number of required curves.
1. Optimum Importance Ratio For the purpose above, the nature of dependence of importance ratio on the spectrum change was studied. Practically km,n(W) as a function of material and neutron spectrum was evaluated by the following procedure. The calculation was performed with 3-dimensional Monte Carlo code MCNP (6) . Incident neutrons get into 1-dimensional slab geometry which is divided into several cells having an equal cell width. The broad parallel beam is employed as the neutron source with 252Cf spontaneous fission spectrum representing the core spectrum, or the calculated spectra of the neutron which penetrated the slabs in various thicknesses*.
These were prepared as surface source in advance with MCNP. The neutron population of each cell is calculated with each model which has a different cell width and a different importance ratio of adjacent cells. With the ratio of population between adjacent cells, we can obtain the optimum importance ratio for a certain spectrum and for a certain cell width such that the ratio of the adjacent cell populations becomes unity.
An example of a ratio of population between adjacent cells is shown in Fig. 2 . The obtained optimum importance ratios are presented for various neutron spectra and for various materials in Figs. 3(a)-(c) .
From these figures, we can find out that the optimum importance ratio tends to converge as the shield thickness transmitted increases.
This means that a certain equal importance ratio can be used as those of all shield at some distance from the source. This result suggests that it may be unnecessary to use many optimum importance ratio curves in an actual application.
Finally we reach the new method with only two essential importance ratio curves for one material, which is presented in detail in the following section.
2. Basic Method The practical method proposed in this paper is described in the following. Now supposing the shielding analysis of the reactor core shielded with an ordinary concrete for example.
For the shield of the ordinary concrete being in up to a certain thickness, about 100cm for example, adjacent to the core, after dividing the shield into two cells, then we can determine the importance to be the same as the core (normally unity) in the cell nearer to the core, and the importance from curve A in Fig. 3(a) for the next cell.
However, as the thickness of the shield increases, that is, for the cell width over 100 cm thick for ordinary concrete for example, the importance ratio to be set is obliged to become larger and resulting in making worse the statistical accuracy of the calculation. While dividing the thick shield into several cells having an enough thin cell width so as to keep the importance ratio within the acceptable small value from an accuracy point of view (a factor of a few which is recommended in a MCNP manual, for example), it is required to make all importance ratio curves for various neutron spectrum at each cell boundary.
Noticing that it was derived from Fig. 3(a) that the importance ratio did not change significantly with the spectrum calculated for ordinary concrete being over 100cm thick.
The importance ratio can be represented by that of saturated spectrum (thermal spectrum especially for ordinary concrete) (curve B in Fig. 3(a) And, importance sampling parameters were so determined that the importance ratio may not exceed 10* or the cell width may not exceed 100cm.
3. General Procedure The method mentioned above was applied to the shielding analysis of the slab made of only one material, adjacent to the core. However, the shielding structure is normally complex of several materials.
Even in this case, the method can be also applied as follows. When incident neutron spectrum is estimated to be still hard (not saturated) in regions such as neighbors of a core, the importance of a target shield can be determined with curve A. On the other hand, when incident neutron spectrum is saturated in regions such as biological shields of LWR's the importance can be determined with curve B. In case incident neutrons are not saturated completely, it is thought to be still reasonable to use curve A as the first approximation because the fluctuation of the population near the core is not likely to make worse the statistical accuracy of the tally especially for large-scaled geometry that is discussed mainly in this paper.
Practically for the shields adjacent to the core in which the next equation is met, curve A should be used to determine the importance of each cell. (3) where xi is the shield thickness for the material index i in order of the distance from the core. D(i)t is Dt for the material i. The cell width is set to xi/2, and therefore the shield consists of 2 cells. The cell importance nearer to the core among the two cells becomes the same as the previous (nearer to the core) cell importance.
Another one is determined by curve A.
While, for the importance of the shield corresponding to the minimum N which meets the following equation, (4) only for the shield thickness x obtained by (5) the importance can be obtained with the same procedure as Eq. (3) with curve A. The importance of the rest shield, xN-x, can be obtained by curve B. In the outside of N-th shield, curve B is used.
IV . VALIDATION BY BENCHMARK
CALCULATION
The validity of the developed method was confirmed by analyzing a simple slab geometry * Empirically it is thought that the accuracy is not made worse seriously as far as the ratio is not beyond 10. However, if more accurate calculation is required, the importance ratio can be reduced by adjusting cell parameters in Table 1 according to the results of Figs. 3(a) -(c).
-23-being 200cm thick. The cell width and importance were determined according to Table  1 .
The calculation was carried out with MCNP. MCNP is a well known general Monte Carlo code and its validity has been confirmed energetically (7) since being open to scientists and engineers.
In this study, MCNP was regarded as a reference code to analyze the benchmark problem. Calculation conditions of the benchmark problem are summarized in Table 2 . Calculated neutron population change as a function of shield thickness was illustrated in Fig. 4 . The figure shows that the population per unit shield length can be kept fairly constant within the whole geometry.
The reason why especially within the saturated spectrum region the population changes slightly is that curve B was generated for almost the perfectly saturated spectrum although the actual calculated spectrum changes with an increase of shield thickness. Also at the boundary of unsaturated and saturated spectrum regions, the population tends to change according to a kind of material. Because in case of determining curve B, just the incident neutron spectrum was taken into account as a boundary condition. Consequently, the previous cell is not modeled in the calculation.
Though we could consider the previous cell as a boundary condition in determining the parameter curve, it causes the enormous increase of parameters to be determined.
Moreover this is contrary to our aim in this study, namely simplification of the method. For this reason, this effect was ignored in this study.
In reality it was confirmed that this effect was small from the analysis and did not matter in the actual analysis due to the following reasons. This phenomenon occurs around the adjacent region to the core, therefore its influence is negligible against the tally on the outside surface of the geometry.
Generally, in the reactor core shielding analysis, the outside tally is more important than the inside one.
Also calculations with W-W and without variance reduction method were done for ordinary concrete in order to examine calculation accuracy such as statistical error and FOM against scalar fluxes at several thickness as well as to compare population distribution. The calculation conditions are the same as 
where Wm is the lower weight bound in the m-th cell, m the order number of the cell from the source, W0 the initial value of the weight bound, generally unity, and f the attenuation factor which depends on energy, material and cell thickness. The analysis result was shown in Fig. 5 and Table 3 . From the figure, the developed method and W-W were clearly confirmed to be more effective than without variance reduction method on a thick shield analysis. The result of W-W tends to decrease slightly. It is presumed that because one-energy-group lower weight bound was supplied in the calculation. Table 3 The HTTR is a graphite moderated and helium gas cooled reactor. Main shields of the HTTR are graphite reflectors, stainless steel, reactor pressure vessel (RPV) and ordinary As helium gas is employed for coolant in the HTTR, the shielding effect cannot be expected from the coolant, which is different from LWRs.
Therefore, the shielding structure of the HTTR is obliged to become thick and complicated to prevent the radiation streaming through control rod insertion holes, for example. Figure 6 shows the schematic arrangement of the shields of the HTTR.
In this section, the applicability of this method to thick and complicated structure analysis was confirmed through the shielding analysis of the HTTR.
The 3-dimensional modeling with a Monte Carlo code was done in the whole structure as precisely as possible, as shown in Fig. 7 . As shown in the figure, it is not realistic to determine parameters of the whole geometry of the HTTR with W-W method.
1. Analysis Condition The determination of the importance function for the HTTR was conducted from the core to the operating floor on the basis of the procedure described in Chap. III. The main features of the procedure are in the following.
The whole region considered in the shielding calculation is divided into two sub-regions.
One is the region adjacent to the core where the neutron spectrum is still hard (not saturated), the other is that being at a certain distance from the core depending on the materials where the neutron spectrum comes to be soft (saturated).
In the adjacent region (the shield thickness from the core is less than as shown in Table 1 ), the evaluated importance ratio with 252Cf source was used, while in the other region (the equivalent shield thickness from the core to the target shield is more than Dt), that with the saturated spectrum was used. Consequently, only two kinds of the importance ratio curves, described in Figs. 3(a)-(c) for example, enable us to determine the importance function easily wherever the target shield is.
The calculation was performed with MCNP and by the vector processor of FACOM VP-2600 at JAERI.
2. Analyzed Result Figure 8 shows the population distributions together with the importance function along the distance from the core through the primary upper shield and the standpipe room to the operating floor.
As shown in the figure, the population rapidly decreases at certain places. However, the calculation was completed successfully within appropriate computer time of about 3 hours, and the population can be kept uniform on the whole. The statistical error is not small, about 30%, for 3 hours calculation. However this depends on just calculation time. More calculation time leads to more uniform population distribution resulting in more accurate calculation result.
In conclusion, the method developed in the -26-present study can be applicable to thick and complicated structures such as HTTR on a full scale within a reasonable time, although it is expected that an enormous number of trial and errors are required if applying W-W method to the HTTR analysis.
VI. CONCLUSION
The method to determine the importance function in 3-dimensional Monte Carlo calculation with geometry splitting with Russian roulette was developed for the shielding analysis of thick and complicated core shielding structures.
Only two essential importance ratio curves for one material enable us to determine the importance function in the shielding calculation.
The validity of this method was confirmed through a simple benchmark calculation. From the result, it was found that the population changed at the boundary of unsaturated and saturated spectrum regions. However this effect was confirmed to be negligibly small especially for a core shielding analysis from this study. Also it was shown that the present method can give an accurate result on the same level with W-W method with no iteration calculation. And applying to the actual reactor shielding analysis, the applicability of the method were confirmed.
Using this method, the variance reduced calculation can be easily realized with the developed importance determination procedure, especially in case that parameter survey calculations are required in order to determine the shield thickness in a design work of a thick and complicated structure. Accordingly it became easier to use Monte Carlo method as a powerful tool for a reactor core shielding design.
